We use finite-difference time-domain (FDTD) simulations to demonstrate enhanced infrared absorption in a photodetector covered with a microstructured metal film consisting of a metal-plasmon grating collector/concentrator and sub-wavelength detector well; for circular gratings we use radial FDTD, and for linear gratings we use two-dimensional FDTD. We identify a figure of merit to quantify the improvement in signal-to-noise ratio of such a detector scheme. We optimize grating parameters for a circular grating surrounding a simple hole, showing that the signal-to-noise ratio can be improved by a factor of as much as 5.2, whereas the signal-to-noise improvement for comparable linear gratings is at most 1.7. In the case of the circular grating, this result is achieved with more than 400 times as much light absorbed in the hole as with a metal film but no grating.
Introduction
It has been established that the transmission of light through a hole (or a slit) in a metal film can be enhanced by microstructuring of the top surface of the film with a grating; the grating couples incident light to surface plasmon polaritons (SPPs), which are guided into the hole [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] To increase S/N in the context of a pixel in a detector array however, one must consider the area of the grating as well. Since S/N generally increases with increased detector area, an improved detector design must have a larger S/N ratio than a detector with an exposed surface area as large as the entire grating. We define a figure of merit F equal to the S/N for the grating detector divided by the S/N for a comparable detector but with the entire top metal surface removed. As we demonstrate below, enhanced absorption compared to a metal film with a hole and no grating is not a sufficient condition for achieving F > 1, and in fact previously proposed detector designs do not achieve F > 1 [22, 23] . In this paper, we optimize grating parameters to show that it is indeed possible to increase the signal-to-noise ratio of a photodetector pixel using a metal grating.
The dominant source of noise in typical infrared photodetectors, especially when they are uncooled, is thermal generation-recombination noise in photoconductors or shot noise of dark current in photovoltaic detectors [26] . These noise sources are proportional to the square root of the surface area of the detection volume [26] . Consider two photodetector pixels made with identical material parameters, each of total surface area G, the first having a detection volume with surface area G, and the second having a smaller detection volume with surface area A surrounded by a metal grating. The first detector has signal-to-noise ratio
, where R 1 is the reflectivity of the detector. We can estimate the power absorbed in the second photodetector by assuming that it is proportional to AT AN , where T AN is the area-normalizedtransmission (i.e., the transmission of the grating normalized by the power incident on the area
Thus the figure-of-merit for signal-to-noise improvement for the grating is
, assuming the ratio of the proportionality constants is of order unity. This argument demonstrates that to achieve F > 1 one requires a grating with area-normalized transmission larger than G/A.
To demonstrate the feasibility of such a scheme for infrared photodetection, we calculate the absorption for a circular (bull's eye) grating in a metal film on a dielectric substrate with parameters chosen so that the absorption is enhanced at a wavelength λ in the long-wavelength infrared (LWIR) near 10 μm. The system is sketched in Fig. 1 for a grating with 5 periods. Periodic gratings have been shown to give larger enhanced transmission than non-periodic gratings [14, 19] (although non-periodic Bessel gratings are optimal for Bessel beams [10]). Surface waves excited on the grating propagate towards a small detector volume. We compare circular gratings, which have a cross-section as shown in Fig. 1 , and linear gratings, which are uniform in the direction perpendicular to Fig. 1 . Circular gratings have two advantages over linear gratings. First, they have an inherently polarization-independent response at normal incidence and second, as we will show below, the circular geometry focusses light more efficiently than the linear geometry. Fig. 1 . Schematic cross-section for a 5-period grating; a plane wave incident from above is collected over the large area of the grating (height h) and coupled through the hole (diameter d, depth t) to be absorbed in the substrate. The parameter g is measured from the center of the hole to the center of the first grating tooth. In the case of a circular grating, there is cylindrical symmetry about a line through the center, whereas in the case of a linear grating, there is translational invariance in the direction perpendicular to the figure. We show below that absorption is larger when the hatched areas are air rather than metal.
Method
We solve Maxwell's equations for the electromagnetic field using a total-field / scattered-field formulation of the finite-difference time-domain (FDTD) method with perfectly matched layer (PML) boundary conditions [27] . The FDTD method solves the full Maxwell's equations directly in the time domain, and so all evanescent surface waves and propagating fields are automatically included in the calculation; details of the method are given, for example by Taflove and Hagness [27] . We exploit the cylindrical symmetry of the circular grating to reduce computational demand by using radial FDTD [6, 13, 14] ; we have validated the cylindrically symmetric FDTD code by replicating selected results with a separate 3D-FDTD code (both are part of the commercially available FullWAVE [28]). A linearly polarized, short pulse plane wave is normally incident on the grating, and we calculate the frequency transform of the power absorbed in the substrate and of the power transmitted through the hole. This method gives the steady state response that would result from continuous wave excitation at each frequency. For the linear grating, the incident electric field is polarized in the direction across the slit (TM polarization). The calculations are well-converged with a 50 nm grid and a total simulation time of a few picoseconds. Reflection of evanescent surface waves from the PML can be avoided either by expanding the computational domain in the z-direction (normal to the grating) or using an improved PML [27] . In the transverse direction, we have used a computational domain wide enough so that surface waves excited from the edge of the metal film do not reach the hole before the computation is stopped; however, in many cases the absorption enhancement is large enough that the edge effects of a narrower domain are insignificant. We model the metal as having an index of refraction with effectively infinite imaginary part, and zero real part, which is an excellent approximation due to the short skin depth in the LWIR range, and we treat the substrate as a model dielectric with frequency-independent index of refraction 3.57, extinction coefficient 0.21, and 200 nm thickness; these parameters are, for example, a reasonable approximation to HgCdTe-based detector materials. Our simulations show that all of the power absorbed in the substrate is absorbed in a volume with diameter less than twice the diameter of the hole. This was determined by varying the diameter of the volume in which absorption was Fig. 2 . Amplitude of the normal component of the electric field for 10-period circular (left) and linear (right) antenna at the resonant frequency for each grating (wavelength λ = 10.2 μm for circular grating and λ = 10.6 μm for linear grating). In each cases the grating period is Λ = 10 μm, grating height is 1.35 μm, grating duty cycle is 0.5, hole depth is 0.1 μm, hole diameter is 5 μm, and g = 1.5Λ. The field amplitude is scaled relative to the magnitude of the incident field. The horizontal and vertical axes are labeled in μm units.
monitored. As the diameter of the absorption monitor was increased, the measured absorbed power increased, but it had converged for a diameter of twice the diameter of the hole, and indeed most of the power is absorbed in a diameter equal to the diameter of the hole.
Results
The excitation of a surface wave when light is incident on the grating can be seen clearly in Fig. 2 , which shows for two particular grating geometries the magnitude of the normal component of the electric field, |E z |, at the resonant frequency of each grating. Note that since we have effectively used an infinite conductivity, these surface waves are so-called "spoof surface plasmons" rather than true SPPs [29] . (In Ref. [29] , the properties of these spoof plasmons were investigated in the limit case of a structured surface with period that is much smaller than the wavelength; however, the existence of such plasmon modes is not necessarily restricted to this particular case.) The spatial distributions of the excited surface waves and the radiated power are different for circular and linear gratings. In the circular grating, the surface waves are focussed in the center leading to much stronger fields in the detector volume. In contrast the linear grating excites surface waves uniformly along the length of the grating. Note that the color scales in the two panels of Fig. 2 are different; in the circular grating, |E z | is up to 24 times as large as the incident field in the inner portion of the grating and up to 6 times as large in the outer portion of the grating, whereas |E z | in the linear grating is generally more uniform and is at most 10 times as large as the incident field. Note that although |E z | is useful for visualizing the surface waves, it has a small magnitude inside the hole where transverse electric fields dominate.
In this paper, to simplify our presentation, we consider circular gratings with a simple hole (i.e., not a coaxial hole [6] or a hole filled with a dielectric [14]). Area-normalized transmission through a simple hole without a grating is maximal for a hole diameter close to the cutoff diameter for propagating modes in the hole; at this maximum, most of the energy is transmitted by evanescent modes in the hole, and hence the transmission decreases monotonically with increased hole depth [30, 31]. Thus we fix the depth of the hole at 0.1 μm (we use a hole diameter of 5 μm except where noted below); using a hole ten times deeper decreases the absorbed power by > 30%. We have used our calculation to optimize several parameters of the grating design. First, we have found that a grating height, h, of 1.35 μm maximizes the photodetector absorption for a 10-period grating when other parameters are held at their optimal values. A shallower grating couples the incident light less efficiently into the grating, whereas a deeper grating couples the grating surface waves more extensively into radiation and is therefore less efficient at coupling light into the detector well [32] . Note that when scaled by the wavelength, our optimal grating height is comparable to grating heights that have been optimized for other wavelength regimes [13, 19] . Second, we have found that the photodetector absorption is optimized with a grating duty cycle of 0.5 (equal ridge and groove widths). This is in contrast to the results of Lockyear et al. [19] , but similar to what has been found for some other geometries [14, 33] .
In our simulations, we have found that the spacing between the grating and the central hole, g in Fig. 1 , has an important effect on the absorption in the central photodetector volume. In particular it affects the phase relationship between the grating-induced surface wave and the directly incident light in the central region of the structure [8, 14, 16 ]. In Fig. 3 , we plot spectral response for 10-period circular gratings with various values of g, as well as the spectral response for a metal film with a hole but no grating (h = 0). The photodetector response peaks at an incident wavelength of 10.2 μm, which is slightly larger than the grating period Λ = 10 μm due to the dispersion of SPPs. With h = 0, the absorption at wavelength λ = 10.2 μm is 0.049 times the power incident on the area of the hole, which corresponds to about 6% of the power transmitted through the hole. We define the absorption enhancement as the absorption relative to this value. (To connect with the approximate formula for F given above, the grating T AN is approximately the absorption enhancement times the T AN of a bare hole with no grating, which is 0.79 at λ = 10.2 μm; also, R 1 = 0.34.) The case g = 1.5Λ produces the largest absorption peak, having an absorption enhancement of 80. The dependence of the peak height on g is shown in the solid line of the upper inset of Fig. 3 ; varying g in the range shown can increase the peak absorption by almost 5 times, thus this quantity is an important parameter for designing an efficient collection system. For shallow gratings, the dependence of the peak absorption on g is close to the more intuitive sinusoidal dependence (except for a deviation near g = 0, since in that case the hole is effectively deeper); this is shown in the lower inset of Fig. 3 for a grating with h = 0.2 μm.
A seemingly minor feature of grating design, which has important consequences for collection efficiency [34] , is the thickness of the metal film in the central region between the innermost part of the grating and the hole. Such a region, shown by hatched rectangles in Fig. 1 , exists when g is larger than half a period. In other studies of SPP collection, the film thickness in this region was fixed either to the reach of the tops of the grating [8, 14] or countersunk [18, 19] . We have examined a variety of thicknesses and found that when the central region is "low" (i.e., has a thickness equal to that in the grating grooves) the absorption enhancement is 3.3 times larger than when the central region is "high" (i.e., has a thickness equal to that in the grating ridges). The peak absorption enhancements for "low" and "high" central regions are compared in the upper inset of Fig. 3 . Note that when the central region is "high" the hole is deeper, but that the decrease in absorption is not simply due to the difference in hole depth since a grating with "low" central region and hole depth t matched to the "high" case is still 1.8 times larger than the "high" case. Moreover the difference cannot be accounted for by adding an extra period to the grating in the "high" case, which only increases the absorption by 16%. In fact, the difference must be due to improved coupling of the surface wave from the grating to the hole when the flat region is "low".
A subtle, but important parameter for improving S/N in a photodetector is the central hole diameter. Since the hole diameter appears directly in the approximate formula for the S/N figure of merit F, the absorption enhancement and F should not peak at the same hole diameter. Figure 4 shows the dependence of absorption enhancement and S/N enhancement factor (F) on the hole diameter. In an earlier transmission study, Thio et al. found that area-normalized transmission at optical frequencies is roughly independent of hole diameter [2] . In contrast, we find that as the hole size is increased, more power is absorbed but the increase is not proportional to the hole area. In our case, the absorption enhancement peaks at a diameter of 2.4 μm. For Fig. 4 , peaks at a hole diameter of about 3.3 μm, and is weakly dependent on diameter for larger holes (at d = 5 μm, which was used in the rest of the calculations in this paper, F is 6% smaller).
As the number of grating periods N increases, the absorption enhancement of the detector should increase as the grating collects additional optically excited surface waves; however, a saturation point will be reached when additional collection is balanced by re-radiation. The finite conductivity of real metals, which causes a finite SPP propagation length, could also limit grating collection in principle, although it is not the limiting factor here, since the SPP propagation length of a flat, real metal surface is on the order of 1 cm at a wavelength of 10 μm [36] . Prior experimental and theoretical studies of enhanced transmission or absorption through a hole with a circular grating have typically examined only a small number of grating periods (up to 16) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 22] . We have simulated photodetectors with up to 30 grating periods. The results, shown in Fig. 5 , are striking. They show that the absorption enhancement of the circular grating continues to grow with the number of periods up to an absorption enhancement of almost 270, which corresponds to a figure of merit F over 3. In contrast the absorption enhancement for a linear grating of the same dimensions peaks at 13 grating periods with an absorption enhancement of only 9; moreover, it saturates by N = 20. The overall grating size also appears directly in the approximate formula for the S/N figure of merit F; due to the additional factor 1/ √ G, F peaks for smaller grating periods than the absorption enhancement. As shown in Fig. 5 , the circular grating reaches a maximum F of 3.3 for a 22-period grating, even though the absorption enhancement has not saturated for gratings up to 30 periods, which for circular gratings is the limit of our computational resources. The linear grating reaches a maximum F of 1.7 for an 8-period grating. Note that even though absorption enhancement of a circular grating is more than an order of magnitude larger than that of a comparable linear grating, the figure of merit F is only twice as large. This is because the detector size to grating size ratio, A/G, is larger for linear gratings.
The results plotted in Fig. 5 are for a constant grating depth of 1.35 μm, which maximizes the absorption of the 10-period circular grating. In general, the optimal grating depth depends on the number of grating periods; as N increases, the optimal h decreases [33] . According to our FDTD simulations, the 30-period linear grating response is largest for h = 0.75 μm, for which the absorption enhancement is 14 and F = 1.6; note that this is still less than the F for the 8-period grating. The 30-period circular grating response is largest for h = 1 μm, for which the absorption enhancement is 436 and F = 5.2. Thus larger circular gratings with optimized grating depth could have even larger F.
Conclusion
We have shown, by introducing the figure of merit F, that it is in fact possible to design a metal grating so that S/N can be enhanced compared to that in a larger photodetector without a metal grating, which is the relevant comparison in the context of a detector array. Other measures, such as area-normalized transmission and absorption enhancement have larger absolute values, but can be misleading if one is interested exclusively in enhancing the S/N ratio (as opposed to detector speed, which can also be improved with the grating design discussed here). Ishi et al. used a grating to enhance the speed of a Si photodetector and found an absorption enhancement of between 10 and 20 with a device having A/G = 0.026 [22] . To achieve an impressive increase in detector speed, the bare hole T AN is relatively small in their experiment, which implies a S/N figure of merit for their detector that is much less than 1. Yu et al. proposed using a linear grating with the detector material inside the slit. Their design, which has A/G = 0.011, exploited a Fabry-Perot resonance in the slit to achieve 250 times more absorption than in a region of detector material as large as the slit. This implies a figure of merit F = 2.75. Such resonances could also be exploited in a circular geometry by using more complicated hole shapes [6, 37] or by filling the hole with a dielectric [14] , which could lead to even larger figures of merit than we have presented here with a simple hole.
In summary, we have identified and optimized relevant grating parameters for circular and linear gratings with a simple hole/slit and shown with FDTD simulations that a circular grating more efficiently channels plasmon surface waves into the hole compared to a linear grating leading to a superior S/N enhancement. Note that we have not examined the linewidth or angular dependence of the spectral response in this paper.
